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ABSTRACT. Thioredoxin reductase (TrxR) catalyzes the reduction of thioredoxin (Trx) by NADPH. A
unigue gene organization of TrxR and Trx has been fourMyinobacterium lepraevhere TrxR and Trx

are encoded by a single gene and, therefore, are expressed as a fusion protein {MFK)XRThis

fusion enzyme is able to catalyze the reduction of thioredoxin drditbiobis(2-nitrobenzoic acid) or
1,4-naphthoquinone by NADPH, though the activity is much lower than thsolierichia coliTrxR. It

has been proposed that a large conformational change is required in catalisisolif TrxR. Because

the reductase portion of the enzyme frdnlepraeshows significant primary structure similarity wih

coli TrxR, it is possible that MITrxR Trx may require a similar conformational change and that the
change in conformation may be affected by the tethered Trx. The reductase has been expressed without
Trx attached (MITrxR). As reported here, comparison of the steady-state and pre-steady-state kinetics of
MITrxR —Trx with those of MITrxR suggests that the low reductase activity of the fusion enzyme is an
inherent property of the reductase, and that any steric limitation caused by the attached thioredoxin in the
fusion protein makes only a minor contribution to the low activity. Titration of MIT&XRx and MITrxR

with 3-aminopyridine adenine dinucleotide phosphate (AARRN NADP(H) analogue, results in only

slight quenching of FAD fluorescence, suggesting an enzyme conformation in which the binding site of
AADPT is not close to the FAD, as in one of the conformation€Eotoli TrxR.

The thioredoxin system comprising the flavoprotein thio- oxidized thioredoxin reductase (disulfide form) and reduced
redoxin reductase (TrxR)thioredoxin (Trx), and NADPH thioredoxin (dithiol form) (—4). Reduced thioredoxin
operates to transfer reducing equivalents in the reductive half-provides reducing equivalents to a wide variety of metabolic
reaction from NADPH to the noncovalently bound FAD and pathways and regulatory proteins, such as the synthesis of
finally to the redox-active cysteine residues in TrxR. The deoxyribonucleotides) and sulfate metabolisn6). Both
subsequent transfer of reducing equivalents to the low the high and low molecular weight forms of the flavoprotein
molecular weight redox protein thioredoxin occurs in the thioredoxin reductase are members of the pyridine nucleotide
oxidative half-reaction via dithiol exchange of reduced disulfide oxidoreductase familyr). Other members of this
thioredoxin reductase and oxidized thioredoxin to generate family include lipoamide dehydrogenase and glutathione
reductase).
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MITrxR—Trx, fusion enzyme of thioredoxin reductase and thioredoxin COMposed of Cys135 and Cys138 is adjacent ta¢tface

from Mycobacterium lepraeMITrxR, truncated enzyme which is the  of the isoalloxazine ring of the FAD, interposed between
separately expressed thioredoxin reductase yobacterium leprae FAD and the nicotinamide ring of the bound NADPHI(

MITrxR+Trx, reconstituted system where soluble thioredoxin has been . p .
added to truncatedVycobacterium lepraethioredoxin reductase; 12). This conformation is favorable for electron transfer

AADP*, 3-aminopyridine adenine dinucleotide phosphate; DTNB; 5,5 between the flavin and the disulfide and is called the FO
dithiobis(2-nitrobenzoic acid); DTT, 1,4-dithiothreitol; TEA, trietha-  conformation, standing for flavin oxidation by enzyme

nolamine; NQ, 1,4-naphthoguinone; FO, observed conformati@h of  gjgyIfide (Scheme 1). However, the substrate thioredoxin
coli thioredoxin reductase in which flavin oxidation by the redox-active ’

disulfide is favored; FR, putative conformation of thioredoxin reductase @PP€ars to be unable to approach the buried enzyme dithiol
in which flavin reduction by NADPH is favored. in the FO conformation, and the location of the bound
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Scheme 1: Representationstfcoli and M. leprae TrxR in the pH dependence of the reductions of naphthoquinone,
FO and Postulated FR Conformers DTNB, and thioredoxin catalyzed by MITrxRTrx, MITrxR
alone, and MITrxR-Trx (Scheme 2). The combination of
Dorain gn’;‘;\‘;n} these data with primary deuterium and solvent kinetic isotope
@ . Tox effect studies has yielded information on the rate-limiting
E. coli TrxR TRl T PN § 34 nature of the half-reactions that contribute to catalysis. The
Domain Domain spectral characteristics, redox properties, and pre-steady-state
kinetics for the fusion protein (MITrxRTrx) and the
FO FR separately expressed MITrxR have been compared. The
results indicate that both forms of the enzyme are in a
FAD) FAD conformation in which the binding site of NADPH is not
I 2 poman close to FAD, i.e., a conformation similar to the FO
MITrxR-Trx 55 || e A — o |l s=s conformation (_)f theE. coli thioredoxin reductase (Scheme
W N 1). The question whether the low reductase activity of the
4 M. leprae fusion enzyme is an inherent property of the
FO R reductase, or results from steric limitation imposed by the

@ FAD and pyridine nucleotide domains are indicated and connected attached thioredoxin, has been addressed.

by lines depicting the double-strandgtisheet. The three circles

represent FAD, and PN indicates bound pyridine nucleotide. Although MATERIALS AND METHODS

the difference between the FO and FR conformers is shown as°a 180

rotation in this illustration, the rotation is actually postulated to bt 66 Reagents.NADPH, 3-aminopyridine adenine dinuclectide

phosphate (AADP), 5,5-dithiobis(2-nitrobenzoic acid)
NADPH does not allow hydride transfer between the (DTNB), and sodium dithionite were purchased from Sigma
nicotinamide ring and the flavin. These structural charac- Chemical Co.E. colithioredoxin was prepared as previously
teristics led to the proposal that a conformational change is described 13). All other reagents and buffer salts were of
required during catalysis bf. coli thioredoxin reductase the highest quality available. Protocatechuic acid and
(12). If the NADPH domain is fixed, and the FAD domain protocatechuic acid dioxygenase were kind gifts from Dr.
is rotated 66, the nicotinamide ring of NADPH would be D. P. Ballou, University of Michigan.

in close contact with the FAD, and the active site dithiol Oyerexpression and Purification of W||d-Type MITre<R

would be moved to the surface of the protein where it is Trx, the Truncated MITrxR Domain, and Trx Proteins in E.
accessible to the substrate thioredoxin. This conformation coli. The fusedrxAB gene ofM. leprae(19) was amplified

is referred to as the FR conformation which stands for flavin from genomic M. leprae DNA by PCR using primers
reduction by NADPH (Scheme 1). A body of indirect containingNdd and BarH| restriction sites at the'snd 3
evidence supports this putative conformational chande of  ends, respectively. The PCR product was digested with these
coli TrxR (13-18). two enzymes and ligated into a pET-3a overexpression vector
The genes encoding thioredoxin reductaseB) and (Novagen) previously digested withdd andBanHI. The
thioredoxin {rxA) have been characterized from a number resulting plasmid was used to transform BL21(DE3)coli
of pro- and eukaryotes, and in essentially all organisms, the (Novagen). The separatd. leprae thioredoxin reductase
two genes are located at distant sites on the genome. Anenzyme-expressing gene was engineered by introducing a
unprecedented gene organization has recently been describestop codon immediately preceding the first codon of the 22
in the bacterial pathogeMycobacterium lepra€l9, 20). In amino acid linker (determined by alignment of tkleleprae
this slow-growing, intracellular pathogen, TrxR and Trx are and M. tuberculosis trxABand trxB genes, respectively)
encoded by a single gene in which the 2 protein-coding connecting the TrxR and Trx domains of the wild-type
regions are linked via a 22 amino acid connecting sequenceenzyme {9). Similar procedures were employed in the PCR
(Scheme 1). M. lepraeis the causative agent of leprosy, amplification, ligation, and transformation of the engineered
and is phagocytized by, and can proliferate in, human MITrxR gene. A construct for the expression of the
macrophages. The pathogenicity of mycobacteria is critically Mycobacterium tuberculosthioredoxin, which is a separate
dependent on their ability to survive inside the oxidatively gene in this species encoding a nearly identical protein to
challenging macrophage phagolysosome. Since the normalM. lepraethioredoxin, was prepared using this same strategy.
phySiOlOgical functions of the thioredoxin system include Expression of all three proteins (|\/||'|'rx-R|'rX7 MITrxR,
reactivation of protein thiols21) and detoxifying reactive  and Trx) was performed ifE. coli by the addition of 0.5
oxygen species2Q), it is tempting to speculate that the mMm isopropyl -thiogalactopyranoside to cultures in mid-
TrxR—=Trx systems of intracellular pathogens, including |og growth phase. After overnight culturing at 22, the
mycobacterial species, may play a significant role in their cells were harvested, resuspended in 20 mM triethanolamine
resistance to oxygen-dependent killing mechanisms employed(TEA) hydrochloride, pH 7.8, and disrupted by sonication,
by phagocytes. and the supernatant obtained after centrifugation was treated
In this paper we report the cloning and expression of the with streptomycin sulfate (1% w/v final) to remove nucleic
wild-type M. leprae TrxR—Trx, the individual thioredoxin acids. The supernatant obtained after one more centrifuga-
reductase domain, MITrxR, and al$é. tuberculosisthio- tion was dialyzed and applied to a Fast Flow Q Sepharose
redoxin. Steady-state kinetic and isotopic analyses of the (Pharmacia) anion-exchange column preequilibrated in 20
reactions catalyzed by MITrxRTrx and MITrxR have been ~ mM TEA-HCI, pH 7.8, and eluted with a linear 6-B.6 M
compared in this study. This includes the determination of NaCl gradient. Fractions exhibiting NADPH-dependent
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Scheme 2
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reduction of DTNB were pooled, concentrated, made 1 M pH Profiles. The following buffers at 0.1 M concentration

in ammonium sulfate by the addition of solid (WSO, were used: succinate (5-8.0), phosphate (6-68.0), car-

and applied to a Phenyl Superose (Pharmacia) column.bonate (8.6-9.5). Wild-type enzyme, MITrxRTrx, was
Adsorbed protein was eluted with a nonlineatGLM reverse inhibited by a number of organic buffers, including MES,
ammonium sulfate gradient. Active fractions eluting between PIPES, HEPES, TAPS, EPPS, and POPSO, and the highest
0.2 and 0.1 M (NH),SO, were pooled, concentrated to 5 activity was observed in phosphate buffer. The kinetic
mL, and applied to a 1.& 60 cm Superdex 200 (Pharmacia) parameter¥ andV/K were determined at each pH, and their
gel filtration column to remove minor contaminating species. log values were plotted against pH. The data were fitted to
The purification protocol for MITrxR and Trx used the same the appropriate equation, using the programs of Clel2a8d (
chromatographic steps with minor variations in elution

conditions, and Trx was assayed in fractions by determining log Y = log [C/(1 + H'/K,+ K/H")] 1)
the Trx-dependent oxidation of NADPH by purified MITrxR.
The purified enzyme used in pre-steady-state experiments log Y = log [C/(1 + H+/Ka)] )

was stored at-20 °C in 20 mM TEA buffer, 2 mM DTT,
and 50% glycerol. Removal of glycerol and changing of

_ + +
buffers were effected with an Amicon Centricon concentrator logY=log [Y + Y4(K/H")/(1+K/H")]  (3)
(Beverly, MA).

The activity of the fused or separate thioredoxin reductases log Y =log [C/(1 + K/H )] (4)

during purification was determined by measuring the rate
of reduction of 0.5 MM DTNB at 412 nne{;, = 13.6 mM™? Data for pH profiles that decreased at high and low pH values
cm™ ) in the presence of 0.1 mM NADPH, and additionally with slopes of-1 and 1, respectively, were fit to eq 1. Data
in the presence of added Trx for MITrxR. Naphthoquinone for pH profiles that decreased with a slope of 1 at low pH
reduction was measured by following the oxidation of values were fitto eq 2. Data for pH profiles that decreased
NADPH at 340 nm €340 = 6.2 mM*cm™). The concen-  from a pH-independent value at high pH values to a lower,
tration of reductase active sites, both MITrxRrx and pH-independent value at low pH values were fit to eq 3,
MITrxR, was calculated based on the absorbance of FAD at whereY, andYy are the pH-independent values of the kinetic
455 nm, using an extinction coefficient of 11.3 mhMem™2. parameter at low and high pH, respectively. Data for pH
The expressed enzymes were subjected to2[Pcycles of profiles that decreased with a slope-of at high pH values
amino-terminal sequencing using an Applied Biosystem were fit to eq 4.
Sequencer using Edman degradation chemistry. Isotope Effects.[4S-44H]- and [4S-42H]-NADPH were
Thiol Alkylation Studies. The alkylation of reduced prepared and purified as described previougK).( Oxida-
MITrxR—Trx was performed by anaerobically incubating a tion of NADPH was monitored spectrophotometrically at 340
mixture of 5uM reductase, 0.2 mM NADPH, and 2 mM nm using an extinction coefficient of 6.2 mM cm™.
iodoacetamide for 1 h. Reduction of either DTNB or Experiments which yielded primary kinetic isotope effects
naphthoquinone was measured as described above. on V only, or on bothV and V/K, were fit to eqs 5 and 6,
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Ficure 1: Mycobacterium lepraavild-type thioredoxin reductasehioredoxin-catalyzed reduction of 1,4-NQ: pH dependence of the
Vmax (A) where the smooth curve is the fit of the data to eq 3 and yieldeld aghue of 7.4+ 0.2, andV/Knappr (B) where the smooth
curve is the fit of the data to eq 4 and yielded & yalue of 6.2+ 0.2.

Rapid Reaction Spectrophotometrifhe rapid reaction
spectrophotometry and the pre-steady-state kinetic data
analysis were performed as described previoukB). ( The
anaerobiosis of the stopped-flow instrument was achieved

respectively, wherd\ is the substrate concentratio;, is
the fraction of deuterium label, andy and Eyx are the
isotope effect minus 1 o andV/K, respectively.

v=VAI[K+ A(1.0+ FE))] (5) by equilibration with an anaerobic solution of &M
protocatechuic acid and 0.04 unit/mL protocatechuic acid
v =VA[K(1.0+ FE,) + (1.0+ FE))] (6) dioxygenase in 0.1 M Na/K PQpH 7.6, for at least 4 h.

TrxR—Trx (16 uM) in 0.1 M Na/K PQ, pH 7.6, was made
Sobent Kinetic Isotope EffectsReaction mixtures con-  anaerobic by alternate exposure to vacuum and reequilibra-
taining NADPH, Trx, or NQ and the desired isotopic solvent tion with ultrapure nitrogen, and used to fill one stopped-
composition were prepared in 1 mL cuvettes. Proton flow syringe. Protocatechuic acid (8M) and 0.04 unit/
inventory experiments were performed by measuring the mL protocatechuic acid dioxygenase were included in the
initial velocity of NADPH oxidation at various mole fractions enzyme solution to remove trace oxygen. The solution of
of D,O from 0.0 to 0.9. The velocities were plotted against NADPH (1, 3, or 9 equiv relative to enzyme-bound FAD)

the mole fraction of RO, and the resulting plots were used

in the same buffer was bubbled with nitrogen for 10 min

to estimate the number of protons transferred, and the solventefore being used to fill the other syringe. The two solutions

kinetic isotope effects on eith&f, V/K, or both.

Extinction Coefficient. The extinction coefficients of
MITrxR—Trx and MITrxR were determined as described
previously @5). Enzyme samples in 50 mM TEA buffer,

were mixed rapidly at 4C. Kinetic traces at 456 and 540
nm (photomultiplier detector) and spectra (diode array
detector) were collected. The enzyme solution was protected
from light during anaerobiosis and reduction. In experiments

pH 7.6, were denatured with 31.8 mM SDS and incubated involving anaerobiosis, EDTA was omitted from the buffers

at 40 °C for 40 min. The amount of released FAD was

because it potentiates photoreduction of heoli enzyme.

quantitated spectrophotometrically using an extinction coef- When the kinetic traces at 540 nm were analyzed using

ficient of 11.3 mM* cm™ at 450 nm.

Sodium Dithionite Titrations.Titrations of MITrxR—Trx
and MITrxR with sodium dithionite were performed using
the method described previousig26j. Anaerobic sodium
dithionite solution was prepared in 50 mM pyrophosphate
buffer, pH 9.0, and quantitated by anaerobic titration of
lumiflavin-3-acetic acid. Enzyme samples (182 uM) in
0.1 M Na/K PQ or 50 mM TEA buffer, pH 7.6, were titrated
with dithionite at 25°C anaerobically in the presence of 10%
methyl viologen (relative to FAD) which acts as a mediator
of the reducing equivalents.

AADP" Fluorescence Titration.Enzymes (78 uM) in
0.1 M Na/K PQ, pH 7.6 and 25°C, contained in a
fluorescence cuvette were titrated aerobically with AADP
After each addition of AADP, corrected fluorescence
spectra were recorded on a Perkin-Elmer MPF-44B fluo-
rimeter.

Program A (Dr. D. P. Ballou, University of Michigan), the
fitted curves were extrapolated back for the dead time (2.3
ms) of the stopped-flow instrument, and the rate constant
for the first phase was varied until the extrapolated starting
absorbance of the fitted curve matched the observed starting
absorbance of the oxidized enzyme.

RESULTS

Alkylation Studies.Anaerobic incubation of %M MI-
TrxR—Trx with iodoacetamide led to the loss of 90% of the
DTNB reducing activity (which could not be restored upon
the addition of thioredoxin), while the quinone reducing
activity was not affected (data not shown).

pH Dependence of the Kinetic Parameters for the NQ
Reduction ReactionThe pH profiles shown in Figure 1 were
obtained using variable concentrations of NADPH at a
saturating concentration of NQ. The maximum velocity is
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Table 1: Comparison 0¥max Values of the Reactions Catalyzed by
M. leprae Thioredoxin Reductas€eThioredoxin and Thioredoxin
Reductase

Vmax (571
NADPH- NADPH- NADPH-
dependent ependent dependent
reduction reduction reduction
enzyme of added Trx of NQ of DTNB
MITrxR —Trx 1.8+0.1 194+ 0.9 1.4+ 0.1
MITrxR 21+0.1 15+ 0.2 0.1+ 0.01

Wang et al.

for the reduction of NQ catalyzed by MITrxRTrx and
MITrxR, using NADPH and [4SH]NADPH as variable
substrates (Table 2). Smaller primary kinetic isotope effects
on bothV and V/Kyappn Were observed when the rate of
reduction of Trx catalyzed by MITrxRTrx and MITrxR was
evaluated (Table 2).

Sodium Dithionite Titrations.According to the primary
structure, MITrxR-Trx contains two disulfides; one is the
active site disulfide in the TrxR, and the other one is the
active site disulfide in the substrate Trx. The proposed
electron flow in catalysis is from NADPH to FAD, from

highest at alkaline pH values (Figure 1A) and decreases toFADH: to the active disulfide in the TrxR, followed by an
a |Ower, pH_independent value at lower pH Va'uesl as a group|ntram0|ecular dithiol/disulfide InteI’Change reaction in which

exhibiting a K value of 7.4+ 0.2 is protonated. The pH
dependence of/Kyappn (Figure 1B) is highest at high pH
values, and decreases as a group exhibiting avgdue of
6.2 + 0.2 is protonated.

pH Dependence of the Kinetic Parameters for the Reduc-

tion of DTNB by MITrxR-Trx, MITrxR+Trx, and MITrxR.
Both MITrxR and MITrxR-Trx catalyzed the NADPH-
dependent reduction of DTNB, though at different rates
(Table 1). The pH dependence of the rate of DTNB
reduction catalyzed by MITrxRTrx, MITrxR+Trx, and

MITrxR was examined using DTNB as the variable substrate

at high, saturating concentrations of NADPH (1001) at

pH values between 4.5 and 9.5. The pH dependencies o

the maximum velocities for the reactions catalyzed by
MITrxR—Trx and MITrxR+Trx were similar, exhibiting the
highest values when a group exhibitingla palue of 8.0+

0.4 was protonated and a group exhibitingkavyalue of 5.9

=+ 0.4 was deprotonated (Figure 2A). The maximum velocity
of DTNB reduction catalyzed by MITrxR increases modestly

at high pH values, with the rate depending on protonation

of a group exhibiting a I§ value of 7.1+ 0.2.

The pH dependences ¥Kprngs catalyzed by MITrxR-
Trx or MITrxR were almost identical to those observed for
the pH dependence of the maximum velocity, while the pH
dependence of/Kprng catalyzed by MITrxR-Trx exhibits
pH-independen¥/Kprys values in the region of pH-58,
and decreases as a group exhibitingavalue of 8.5+ 0.3
is deprotonated (Figure 2B).

Solkent Kinetic Isotope EffectsSolvent kinetic isotope
effect studies were determined using both MITrRx and
MITrxR in three different reactions: reduction of DTNB,

the reducing equivalents are passed to the active site disulfide
of the Trx. Therefore, a reductive titration of MITrxR rx
should require 3 equiv of dithionite per FAD for full
reduction. On the other hand, the truncated enzyme MITrxR,
lacking the substrate Trx and the peptide linker, would need
2 equiv of dithionite per FAD for full reduction.

The dithionite titration of the truncated enzyme MITrxR
(Figure 4) demonstrated that, as expected, 2 equiv of
dithionite is required for complete reduction (Figure 4, inset
A). The titration appeared to be biphasic or curved,
indicating that the redox potentials of the flavin and disulfide
couples are similarX7). The production of a small amount

fof neutral semiquinone was evident at 575 and 625 3m (

The final spectrum showed peaks near 610 and 395 nm
indicative of methyl viologen radical, as expected when the
enzyme is fully reduced. A small excess of dithionite was
suggested at 315 nm. The enzyme was reoxidized by
opening the cuvette to air after the dithionite titration. The
mixture was concentrated with an Amicon Centricon 30
ultrafiltration unit, and~24% free FAD was found in the
filtrate. Flavin dissociation is not observed M. coli
thioredoxin reductase or in other members of this enzyme
family.

The reductive titration of MITrxR-Trx with dithionite is
qualitatively similar to that for MITrxR presented in Figure
4, and the quantitation is shown in Figure 4, inset B. The
first addition of dithionite (0.46 equiv) resulted in a lag in
flavin reduction (see below). The absorbance at 456 nm
decreased linearly upon the next two additions (from 0.46
to 1.37 equiv), while the subsequent additions gave propor-
tionately smaller decreases Myss After addition of 4.6
equiv of dithionite, the spectrum displayed high absorbance

NQ, or Trx (Scheme 2). No solvent kinetic isotope effects at 395, 610, and 315 nm, indicating the presence of methyl
were observed in the NQ reduction reactions (Table 2), while yjologen radical and excess dithionite (spectrum not shown).
the reductions of both DTNB and Trx were sensitive t0 The plot of e4s6 versus equivalents of dithionite (Figure 4,
solvent isotopic composition. When DTNB was varied at a jnset B) showed the lag in flavin reduction mentioned above
fixed, saturating concentration of NADPH in@ and RO, that indicated 0.4 equiv of residual oxygen. The end point
no isotope effects were observed ®Kpme, but large  of the titration was 3.9 equiv. After correction for the 0.4
changes inV were observed in D (Figure 3A). The  equiv lag and 0.1 equiv for methyl viologen, the amount of
calculated values of, determined at various mole fractions dithionite required for full reduction of MITrxRTrx is 3.4
of DzO, were plotted against the mole fraction of@and  equiv, which was close to the expected 3 equiv. As shown
yielded a linear proton inventory (Figure 3B). Similar studies in Figure 4, inset B, it is obvious that there are two phases
performed at various Trx concentrations, and at a fixed, during the dithionite titration of the fusion enzyme. The first
saturating concentration of NADPH, yielded solvent kinetic phase is from 0.4 to 1.6 equiv in which about 51% of flavin
isotope effects on botlV and V/Kr (Table 2), and the s reduced. The rest of the flavin was reduced in the second
magnitudes of these two effects were similar for both phase which is from 1.6 to 3.9 equiv. A small amount of
MITrxR—Trx and MITrxR. neutral semiquinone was formed and reduced during the
Primary Deuterium Kinetic Isotope Effectsarge primary titration (575 and 625 nm). As with the truncated enzyme,
kinetic isotope effects on boandV/Knappr Were observed  about 25% of the FAD was released during the experiment.
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Ficure 2: pH dependence of themx (A) and V/IKprng (B) for DTNB reduction byMycobacterium lepradITrxR —Trx (H), MITrxR (@),
and MITrxR+ 20uM Trx (¥). The smooth curves are fits of the data to egs 1 (solid curves), 2<{das)) and 3 (dashed). Th&pralues
determined from these fits are reported in the text.

Table 2: Comparison of Isotope Effects of the Reduction of NQ and Trx Catalyzed by MHAT®Rand MITrxR

enzyme isotope effect NADPH-dependent reduction of added Trx NADPH-dependent reduction of NQ
MITrxR—Trx solvent D20y =27+ 0.3 no effect
D20V/K = 1.6+ 0.3
MITrxR solvent D20y =2.3+0.1 no effect
D20V/Kp = 1.8+ 0.2
MITrXR—Trx primary deuterium bv=1.14+01 PV =3.3+0.1
DV/KNADPH =1.0+0.1 DV/KNADPH =2.14+0.2
MITrxR primary deuterium bv=1.84+0.1 PV =3.7+£0.1
DV/KNADPH =1.44+0.3 DV/KNADPH =3.1+0.6
6 16
51 D,0
o
v
3 1 %
. H,0
2
14
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Ficure 3: (A) Solvent kinetic isotope effect on DTNB reduction catalyzedvhylepraewild-type TrxR—Trx using 0.1 mM NADPH and
variable [DTNB]. (B) Dependence of the rate of DTNB reduction on the mole fraction,6f [NADPH] = 0.1 mM, [DTNB] = 0.4 mM.
The P20V calculated from these data was 2:10.1.

Since the shoulder at 480 nm, which is prominent in the been studied using a stopped-flow spectrophotometer. Single-
enzyme and much less distinct in FAD, was maintained wavelength kinetic traces are shown in Figure 5A for the
throughout the titration, it is suggested that FAD dissociation reaction of MITrxR with 3 and 9 equiv of NADPH. The
occurs during enzyme reoxidation. kinetic trace at 456 nm showed that a lag lasting for about
Reduction of MITrxRTrx and MITrx with NADPH. 10 ms followed the dead time (2.3 msfuss decayed in
Reduction of MITrxR and MITrxR-Trx with NADPH has three phases with the observed rate constants shown in Table
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Table 3: Observed Rates for the Reduction of MITsRx and
MITrxR by NADPH?

C1383

a2 The values are the observed rates for the reactions with 3 equiv of
NADPH. ® The traces were fitted witky determined as described under
Materials and Methods.Referencels.

£ wavelength
- enzyme (nm) k(s k(s ks(s™Y) ka(s) ks(s)
E MITrxR 456 - 125 2.62 0.49 -

:g 540 419 46.6 351 1.19 0.21
@ 540° 834 60.3 3.15 1.02 0.26
2 MITrxR—Trx 456 - 21.2 3.40 0.69 -

§ 540 247 40.8 3.07 - 0.12
o 540 410 103 292 - 0.18
5 E.coliTrxR 456 425 60 9

g

h

n|

300 400 500 600 700
Wavelength (nm) tration. The dependence kifon the NADPH concentration
Ficure 4: Titration of MITrxR with sodium dithionite. A solution Wa.s observed only when t.he data were fitted by _var)hng
of 36.9 nmol MITrxR in 1.2 mL of 50 mM TEA buffer, pH 7.6, until the extrapolated starting absorbance of the fitted curve
containing 3.69 nmol of methyl viologen was titrated anaerobically matched the observed starting absorbance of the oxidized
with 2.88 mM sodium dithionite at 28C. The spectra are of the  enzyme. Even then, the nature of the dependence was not

miXtUre aftel: addltlon of 0, 0.62, 1.09, 1.56, 2.03, and 250 eqUiV clear. This is not Surprising given the Comp|exity of the
of sodium dithionite (af). Inset A, plot of Ause versus equiv of reqctive half-reaction studied in detail with tie coli
sodium dithionite for MITrxR. Inset B, plot ofyss Versus equiv

of sodium dithionite for MITrxR-Trx. enzyme {3—15). No concentration dependence could be
shown for any of the other rate constants.
3. The final phase was still in progress at the end of data The spectra collected during the reduction of MITrxR by
collection (10 s). 3 equiv of NADPH are presented in Figure 5B. The dead
The absorbance at 540 nm was monitored to follow the time spectrum has a long-wavelength band centered around
formation and decay of the NADPH-AD charge-transfer 570 nm which looks very similar to the NADPH-AD
complex observed in the previous studies with Ehecoli charge-transfer complex band observed viithcoli TrxR.
enzyme 13, 28—29). Asyoincreased in two phases during The dead time spectrum also shows a slight enhancement
the first 40 ms after mixing and decreased biphasically for of the flavin shoulder around 482 nm, but it has almost the
about 3 s. A further phase was observed in the reductionsame absorbance at 456 nm as oxidized enzyme. The
with 3 equiv of NADPH. This was probably due to the slow spectrum at 13 ms still displays little signal change of the
formation of the FADH —NADP™ charge-transfer complex  flavin peak (456 nm) with further enhancement of the
and was not observed with 9 equiv because the pyridine shoulder, and further formation of the charge-transfer
nucleotide binding site was occupied by NADPH. The complex. Inthe next phase, the flavin peak is reduced while
formation of the NADPH-flavin charge-transfer complex the long-wavelength band is enhanced slightly (spectrum at
might be expected to be dependent on the NADPH concen-100 ms). Both the flavin peak and long-wavelength band
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0.15 4 B 9
1 (1) 456 nm - 13 10 i“ﬁﬁ:ﬁf'-\‘ 13
g 10 - — I ,\2)/\ 100
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Ficure 5: Rapid reaction of MITrxR with NADPH. MITrxR (1M after mixing) was reduced by 3 and 9 equiv of NADPH in 0.1 M

Na/K PQy at pH 7.6 and £C. (A) Single-wavelength kinetic traces. Curve 1 is the trace of oxidized enzyme mixed rapidly with buffer to
illustrate the starting absorbance at 456 nm. Curve 2 (456 nm) and curve 4 (540 nm) are from the reaction with 3 equiv of NADPH. Curve
3 (456 nm) and curve 5 (540 nm) are from the reaction with 9 equiv of NADPH. The data are fitted with three exponentials (456 nm) or
four exponentials (540 nm) as indicated by the dotted lines. The traces at 540 nm are fitted Withefa constant as described under
Materials and Methods. (B) Spectra taken during the reduction of MITrxR by NADPH. The spectra are of oxidized enzyme mixed with
buffer (solid line) and oxidized enzyme mixed with 3 equiv of NADPH after 2.3 ms (dead time, dashed line), 13 ms (dotted line), 100 ms
(dash and dotted line), and 870 ms (dash and double-dotted line). The final spectrum from the reaction with 9 equiv of NADPH is also
presented (solid line with lowest flavin peak). The inset shows the detail of the long-wavelength band.
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Ficure 6: Rapid reaction of MITrxRTrx with NADPH. MITrxR—Trx (8 uM after mixing) was reduced by 3 equiv of NADPH in 0.1 M

Na/K PQy at pH 7.6 and £C. (A) Single-wavelength kinetic traces. Curve 1 is the trace of oxidized enzyme mixed rapidly with buffer to
illustrate the starting absorbance at 456 nm. The reduction of MIFMR by NADPH was observed at 456 nm (curve 2) and 540 nm

(curve 3). The data are fitted with three exponentials (456 nm) or four exponentials (540 nm) by indicated in the dotted lines. The trace at
540 nm is fitted withk; locked as described under Materials and Methods.. (B) Spectra taken during the reduction of MITxxX&/

NADPH. The spectra are of oxidized enzyme mixed with buffer (solid line) and oxidized enzyme mixed with NADPH after 2.3 ms (dead
time, dashed line), 13 ms (dotted line), 100 ms (dash and dotted line), and 870 ms (dash and double dotted line). The inset shows details
of the long-wavelength band.

decreased from 100 to 870 ms in the main phase of flavin react at the samee face of the isoalloxazine ring of the
reduction, and continued thereafter. The final spectrum from bound FAD @, 11). This has led to the proposal that
the reduction with 9 equiv of NADPH is included for thioredoxin reductase exists in a dynamic conformational
comparison. equilibrium between forms in which the pyridine nucleotide

Data for the reduction of MITrxRTrx by NADPH are is close to the isoalloxazine ring (the FR conformation) or,
presented in Figure 6, and Table 3. Analysis of the single- alternatively, the redox-active disulfide is close to the ring
wavelength kinetic traces (Figure 6A) and the diode array (the FO conformation)12). Both rapid kinetic data and
spectra (Figure 6B) gives results very similar to those for extensive mutagenesis studies support this propdsat (
the truncated enzyme. 18), and more recent studies have suggested that in the

AADP* Titrations. AADP* is a redox-inactive analogue presence of thioredoxin the. coli reductase favors the FR
of NADP(H) (30) and is thus expected to bind in the binding conformation as a result of the formation of a disulfide bridge
site of NADPH, without reducing the flavin. In the case of between thioredoxin and the redox-active thiols of the
E. coli TrxR, extensive fluorescence quenching by AADP  reductaseX7). The report that théV. lepraefused thio-
indicates that AADP is bound adjacent to the FAD and that redoxin reductasethioredoxin, MITrxR-Trx, exhibited a
the FR conformation is favored.§). In this study, it was  significantly slower turnover than the correspondigcoli
found that the FAD fluorescence at 540 nm (excitation at enzyme 20) suggested that the presence of the linked
380 nm) of MITrxR and MITrxR-Trx is enhanced ap- thioredoxin might be a useful probe of this conformational
proximately 3-fold compared with free FAD. When titrated change. The studies performed in this work have allowed
with AADPT, the fluorescence was quenched only 19% for us to determine whether the low activity exhibited by the
MITrxR and 18% for MITrxR-Trx (data not shown), wild-type M. lepraeis due to restricted conformation or is
suggesting that the FO conformation is favord¢, values an intrinsic property of the enzyme found in this slow-
for AADP™ binding were 2.9 and 5.8M for MITrxR and growing organism.

MITrxR—Trx, respectively. pH Profiles. The simplest enzyme-catalyzed reaction

studied is the thioredoxin reductase catalyzed reduction of
DISCUSSION naphthoquinone (Scheme 2). The ability of related flavopro-
Mycobacterium lepraés an obligate intracellular pathogen tein reductases to catalytically reduce quinone compounds
responsible for human leprosy. The recent identification of has been previously documented,(32). Several possible
the unique genetic organization of the thioredoxin reductase mechanisms for quinone reduction exist, including mecha-
and thioredoxin genes in this organism, resulting in the nisms involving single electron transfer, hydride ion transfer,
expression of a single fused gene produd)(suggested  and dithiol reduction1). The demonstration that alkylation
that this fused TrxR Trx protein might provide insightinto  of reduced MITrxR-Trx with iodoacetamide abolished both
the large conformational changes which have been proposedhe DTNB- and Trx-reducing ability of the enzyme, but had
to occur during catalysis by the related low molecular weight no effect on NQ reduction, suggests that enzymic dithiols
E. coli thioredoxin reductase. In contrast to high molecular are not involved in NQ reduction, as observed in other
weight flavoprotein disulfide reductases, such as lipoamide flavoprotein disulfide reductase systen3d33). The pH
dehydrogenase or glutathione reductase, the three-dimendependence of/Knappx indicates that the protonation of a
sional structure ok. colithioredoxin reductase revealed that substrate or free enzyme group exhibitingkayalue of 6.2
both the pyridine nucleotide and redox-active disulfide must decreases this kinetic constant. The most likely explanation
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for this behavior is that the ionizable group being observed require protonation upon reduction, it would seem unlikely
is the 2-phosphate of the substrate NADPH, whose solution that the protonation state of the aspartic acid would influence
pK value has been reported to be 63l This suggests the reaction. A value of 6.9 has been reported for thep
that the nucleotide binding domain of MITrxR strongly favors the active site thiol (active site sequence: CATC) in reduced
the dianionic form of the 2phosphate for binding at the E. coliTrxR (27). The protonation of this residue would be
active site of the enzyme. In support of this conclusion, we expected to reduce its nucleophilicity, and thus reduce the
could not demonstrate activity using cyclic2-NADPH as rate of DTNB reduction.
a reductant for the reductase and NADH was a poor substrate, The pH dependence of the kinetic parameters for DTNB
exhibiting a steady-staté,, value over 200 times higher than  reduction by MITrxR-Trx and MITrxR+Trx is more
NADPH (data not shown). complicated due to the presence of either covalently bound
The pH dependence of the maximum velocity of NQ or added thioredoxin. The interpretation of the pH depen-
reduction exhibits a pH-independent value at low pH values dence of these reactions requires consideration of both the
and a pH-independent maximum at higher pH values. The thioredoxin reductase thiol ionizations and, more importantly,
most likely candidate for the group whose protonation the necessary protonation of the dithiols of the reduced
decreases the maximum velocity of quinone reduction and thioredoxin product. The pH dependences of the maximum
exhibits a X value of 7.4 is the reduced, anionic flavin, velocity of DTNB reduction catalyzed by both MITrxR
FADH~. The protonation state of FADHhas been sug-  Trx and MITrxR+Trx are bell-shaped and depend on the
gested to be important in modulating the rate of the quinone ionization state of two groups. The two groups exhil{t p
reductase reactions catalyzed by the related flavoprotein,values of 5.9-6.3 and 8.0, and are required to be deproto-
NADH peroxidase31). The nature of potential rate-limiting  nated and protonated, respectively, for maximal activity
steps of the NQ reduction reaction will be discussed below. (Figure 2A). The group exhibiting epvalue of 5.9 is likely
DTNB reacts with enzyme dithiols, generating the corre- to be that of thiolate anion of Trx, which, when deprotonated,
sponding disulfides. DTNB has often been used as ainitiates the nucleophilic attack on the DTNB disulfide. It
substrate for disulfide reductases, and, because of the veryhas been reported that Cys32 of thecoli thioredoxin (active
low pK values of the producp-nitrothiophenol, formed upon  site sequence: &5PC) exhibits a K value of 6.2 86).
DTNB reduction, DTNB was used in this study to specifi- The group exhibiting akd value of 8.0 is likely to be the
cally identify enzyme groups whose behavior is observed in general acid required for protonation of the thiolate anion
pH profiles. The reductase, in addition to FAD, contains a product of thioredoxin reduction. Site-directed mutagenesis
pair of cysteine residues at the active site which, when studies provided compelling evidence thatln coli thio-
reduced, are capable of DTNB reduction. At pH 7.5, the redoxin reductase, Aspl39 functions as the general acid
reduction of DTNB catalyzed by MITrxRTrx is more than catalyst for the dithiot-disulfide interchange reaction be-
10-fold faster than the corresponding rate catalyzed by tween TrxR and Trx 35). Based on this evidence, we
truncated MITrxR (Table 1 and Figure 2). This result tentatively identify the corresponding aspartate residue
suggests that the thioredoxin thiols are either more reactive (Asp146) in theM. lepraethioredoxin reductase as the group
or more readily accessible to DTNB than those of the exhibiting the (X value of 8.0 whose deprotonation abolishes
reductase. Clearly there is redox communication betweenactivity. The pH dependence 8Kprng Observed for the
the active site dithiol and the disulfide of Trx. Additional MITrxR—Trx catalyzed reduction of DTNB is similar to that
evidence supporting this interpretation was the observationfor the maximum velocity, and the identification of the
that the addition of soluble thioredoxin to the truncated groups observed is the same as that discussed above.
thioredoxin reductase (MITrxR) substantially increased the Isotope Effect StudiesThe reduction of quinones by
rate of DTNB reduction. It should be noted thdt leprae flavoprotein reductases, including thioredoxin reductase, has
TrxR—Trx shows significantly slower reaction rates com- been demonstrated not to involve reaction with the dithiols
pared to thee. coli TrxR. The slowest rate constant in the present on the two-electron-reduced flavoenzyme. Therefore,
reductive half-reaction catalyzed & coli TrxR is 54 s* we did not expect, nor did we observe, any kinetically
and the overalk.«is 33 s (29), while we observe a value  significant proton-transfer reactions using solvent kinetic
of ~2 s for the k.o Of the M. lepraereductase. The lower isotope effect approaches. Large primary deuterium kinetic
specific activity of mycobacterial lipoamide dehydrogenase isotope effects were, however, observed on bdtland
compared to other bacterial lipoamide dehydrogenases had//Kyappn in the reduction of naphthoquinone using either
been reported33). MITrxR—Trx or MITrxR (Table 2). The higher values of
The pH dependence of boW and V/Kprng for DTNB the Vimax Of NQ reduction compared to disulfide reduction
reduction catalyzed by MITrxR is sigmoidal (Figure 2), with (Table 1), and the absence of any solvent kinetic isotope
a pH-independent value at high pH for both parameters effect, are consistent with the oxidation of the reduced
decreasing to a lower pH-independent value at low pH as enzyme by NQk.y, being significantly faster than hydride
the result of the protonation of an ionizable group exhibiting transfer and enzyme reductiokes. This interpretation is
a pK value of 7.1 or 7.4, respectively. Since DTNB does supported by the near-equivalence of the steady-state rates
not contain ionizable groups withKpvalues in this range,  of NQ reduction by MITrxR-Trx and MITrxR, and, more
both pH profiles are reporting on the ionization of enzyme convincingly, by the close correspondence between the
residues. There are two likely candidates for this group: the steady-state value of M« for NQ reduction and the rate of
aspartate in the active site proposed to function as the generaknzyme reduction observed in pre-steady-state experiments
acid to protonate the leaving thiolate anion prod3&),(and (Table 3). It thus appears that the reductive half-reaction is
the MITrxR active site thiolate responsible for nucleophilic rate-limiting in the reduction of NQ by either MITr¢RTrx
attack on the substrate disulfide. Since DTNB does not or MITrxR.
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The enzyme-catalyzed reduction of thioredoxin is a cleotide complex is a single, structurally well-defined species.
significantly slower overall reaction, with maximum steady- However, the unique and distinct three-dimensional structure
state rates of ca. 2§ compared to rates of 15 sfor of the thioredoxin reductase suggests that there may be
quinone reduction (Table 1). The reduction of oxidized multiple conformers of the ENADPH complex, including
thioredoxin necessarily involves the redox-active disulfide those previously described as FO and FR conformers,
of thioredoxin reductase with protonation of one or more of distinguished by a large domain movement in the enzyme
the thiolate moieties of the reduced Trx (Scheme 2). This (11-15). Our data can most easily be accommodated by a
disulfide exchange chemistry, occurring in the oxidative half- model in which the presence of thioredoxin, either added to
reaction, is slower than hydride transfer from NADPH to the reductase (MITrxRTrx) or covalently attached to the
the flavin and subsequent electron rearrangement, based omeductase (MITrxR-Trx) influences the distribution of the
the very modest magnitude of the primary kinetic isotope enzyme in the two conformers, and by stabilizing the FR
effects on the maximum velocity observed for this reaction conformation, reduces the rate of NADPH dissociation. The
(Table 2). This predicts that the proton-transfer steps net result of this change in conformer distribution is observed
occurring in the thioredoxin-reducing half-reaction will be in the significantly smaller values ¢\V/Knappn exhibited
slow relative to hydride transfer, and are expected to resultduring reaction with Trx compared to the same values
in large solvent kinetic isotope effects. Our results support observed during reaction with NQ. The more modest
this hypothesis, and th&2°V values observed for the differences observed in the values®f/Knappn Observed
reduction of Trx by both MITrxR-Trx and MITrxR+Trx for NQ reduction by MITrxR or MITrxR-Trx may similarly
proteins are large (2:32.7, Table 2). To provide a basis reflect smaller, but significant, differences in the conformer
for comparison, the solvent kinetic isotope effects on DTNB populations of the two enzymes.
reduction were determined, using the fused MIT+XRX. Sodium Dithionite Titrations.The dithionite titration of
A similar value of theP?°V was observed for this reaction the truncated form of TrxR frorM. lepraeis similar to the
(®°*Vpme = 2.1), and, as expected, M3°V/IKpmng Was titration of E. coli TrxR, in that the flavin absorbance of
observed (Figure 3) since the product of DTNB reduction, MITrxR is diminished gradually throughout. The titration
TNB~, does not require protonation of the resonance- required 2 equiv of dithionite per FAD, without formation
stabilized thiophenolate anion product. Analysis of the of a unique spectral intermediate centered around 540 nm
solvent isotopic composition dependence of the maximum due to a thiolateflavin charge-transfer complex (3&89)
velocity for DTNB reduction revealed a linear proton at the two-electron-reduced stag®) @s is observed in
inventory, indicative of a single proton-transfer reaction glutathione reductase and lipoamide dehydrogers@lbis
occurring in the oxidative half-reaction. We propose that, result shows that during the whole titration, reducing
by analogy to glutathione reductasg¥), the proton transfer  equivalents are distributed between the two redox centers,
responsible for the observeBP°V occurs between the FAD and active site disulfide. This indicates only a small
protonated aspartate general acid and thiolate anion of Trx.difference in the midpoint potentials between the FAD/
These data argue that protonation of the thiolate anion of FADH, couple and the disulfide/dithiol couple, as is the case
Trx is a slow step in the oxidative half-reaction. for TrxR from E. coli (25—27). This small separation is

As expected for a pseudo-ping-pong kinetic mechanism, also suggested in the titration of the fusion enzyme, MI-
rate-limiting disulfide interchange chemistry would suggest TrxR—Trx.
that the reduction of the enzyme by NADPH would be fast, AADP* Titrations. The mutant C138S of the. coli TrxR
and that the primary deuterium kinetic isotope effect on this is thought to be mostly in the FO conformation, since in a
half-reaction would be attenuated. In fact, only modest titration of this mutant with AADP the FAD fluorescence
primary deuterium kinetic isotope effects are observed using is quenched only slightly. When the mutant is modified with
[4S-42H]-NADPH as substrate (Table 2). Interestingly, the phenylmercuric acetate, the steric hindrance of the phenyl-
primary deuterium kinetic isotope effects on the maximum mercuric group attached to Cys135 forces the enzyme to
velocity, PV, exhibited by the reductase (MITrxR) are slightly adopt the FR conformation in which FAD is in close contact
larger than the corresponding effects exhibited by the fusedwith the NADPH binding site. The FAD fluorescence is

reductasethioredoxin, MITrxR-Trx (1.8 vs 1.1). This may

guenched significantly in a titration of the modified mutant

reflect a subtle difference between the ratio of the two half- with AADP* (16). In this study, only slight fluorescence

reaction rates catalyzed by the two enzymes.
Last, the primary deuterium kinetic isotope effects on

guenching was observed in the AADRtration of MITrxR
or MITrxR—Trx. By analogy with E. coli TrxR, this

V/KnappH are large and nearly equivalent to the corresponding suggests that both MITrxR and MITrxRIrx favor a

isotope effects orv for NQ reduction, but are very small
for the reduction of thioredoxin. Since it is likely that the
intrinsic isotope effect on hydride transfer from NADPH to

conformation which is similar to the FO conformation of
the E. coli enzyme.
Rapid Reaction StudiesWild-type TrxR from E. coli

bound FAD is identical for MITrxR-Trx and MITrxR, and reacts with NADPH in three phases. The first phase,
should be similarly unaffected by the nature of the reducible completed in the dead time of the instrumewt3(ms), is
substrate (NQ or Trx), then this difference is curious. The the formation of an NADPHFAD charge-transfer complex,
magnitude of the observetW/Kyappn Will depend on the  which is observed as a slight drop of the flavin absorbance
intrinsic isotope effect (at least as large as-3337) and the at 456 nm and appearance of a broad band centered at 570
forward commitment factor for NADPH, defined here as the nm. Flavin reduction begins in the next phase as evidenced
ratio of the rate of the hydride-transfer step to the rate of by the absorbance decrease at 456 nm, accompanied by the
NADPH dissociation from the binary-BENADPH complex. appearance of another long-wavelength band centered at 690
In other flavoprotein disulfide reductases, the binaryris- nm due to formation of the FADH-NADP* charge-transfer
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complex. The absorbance in the 456 nm region continuesactivity of MITrxR—Trx compared withE. coli TrxR

to decrease in the third phase which is thought to reflect suggests that the conformational change is not as free as it
further flavin reduction at a rate limited by the change is in E. coli TrxR. Therefore, we expected to see higher
between the FO and FR conformations. Thus, those enzymeactivity and faster reduction by NADPH for the truncated
molecules preexisting in the FR conformation, with the enzyme that lacks the thioredoxin portion and the peptide
pyridinium and isoalloxazine rings juxtaposed, form the linker. But the results of this study demonstrate a surprising
NADPH—flavin charge-transfer complex directly, followed similarity between MITrxR-Trx and MITrxR. We therefore

by reduction (second phase); those molecules preexisting inconclude that the lower catalytic activity and the slow rate
the FO conformation must rotate prior to charge-transfer of reduction of MITrxR-Trx by NADPH result primarily
formation and reduction (third phase). C138S is reduced from intrinsic properties of the reductase and that the tethered
by NADPH in the same three phases, but the proportion of Trx makes only a minor kinetic contribution.

the reaction occurring in each phase is different from wild-

type enzyme due to the fact that the FO conformation is ACKNOWLEDGMENT
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